Aims/hypothesis Emerging evidence underscores the important role of the small intestine in the pathogenesis of dyslipidaemia in insulin resistance and type 2 diabetes. We therefore tested the hypothesis that n-3 fatty acids improve the various events governing intra-enterocyte lipid transport in Psammomys obesus gerbils, a model of nutritionally induced metabolic syndrome. Materials and methods Experiments were carried out on Psammomys obesus gerbils that were assigned to an isocaloric control diet and a diet rich in fish oil for 6 weeks. Results Increased dietary intake of fish oil lowered body weight and improved hyperglycaemia and hyperinsulinaemia. It simultaneously decreased de novo intestinal lipogenesis and lipid esterification of the major lipid classes, e.g. triglycerides, phospholipids and cholesteryl esters, particularly in insulinresistant and diabetic animals. Accordingly, lessened activity of monoacylglycerol and diacylglycerol acyltransferase was recorded. As assessed in cultured jejunal explants incubated with either [ Rather, the suppressed production of apo B-48 by n-3 fatty acids was associated with intracellular proteasome-mediated posttranslational downregulation in insulin-resistant and diabetic animals. Conclusions/interpretation Our data highlight the beneficial impact of n-3 fatty acids on adverse effects of the metabolic syndrome and emphasise their influence on intestinal lipid transport, an effect which may limit postprandial lipaemia and the risk of atherosclerosis.
Introduction
Hypertriglyceridaemia is important in the genesis of cardiovascular disease. It is now well established that the risk of developing coronary heart disease risk is positively associated with increasing levels of triglycerides [1] [2] [3] [4] . It has repeatedly been confirmed that triglycerides are an independent predictor of cardiovascular disease, e.g. by a huge meta-analysis [5] , as well as by intervention [6] and observational long-term [1] studies. In addition, postprandial hyperlipidaemia has been linked to atherosclerosis, even in fasting normocholesterolaemic subjects [7] [8] [9] [10] .
Dyslipidaemia is common in patients with insulin resistance and type 2 diabetes, and is thought to be responsible for a considerable proportion of morbidity and mortality related to cardiovascular disease [11, 12] . Especially, hypertriglyceridaemia is among the powerful risk factors for atherosclerosis in patients with type 2 diabetes or impaired glucose tolerance, conditions which are characterised by increased VLDL secretion from the liver [1, 13] . The enhanced mobilisation of NEFA from the adipose tissue augmented the rate of hepatic NEFA uptake and stimulated the secretion of apolipoprotein (apo) B-100, leading to increased numbers of apo-B-containing particles and possibly hypertriglyceridaemia [14] . Although fasting triglycerides are considered important determinants of coronary heart and/or carotid artery disease in people with diabetes, the progression of coronary lesions over 5 years was related to postprandial lipaemia [8] . The response of plasma triglycerides to a standard fat load is much greater in type 2 diabetic than in non-diabetic subjects [15, 16] , and is correlated with intima media thickness, suggesting that prolonged exposure of the arterial wall to triglyceride-rich chylomicron remnants accelerated the atherogenic process. Relatively little attention has been given to the mechanisms behind postprandial triglycerides. However, the raised fasting triglyceride-rich lipoproteins often found in diabetes and associated with apo B-48 may be derived from increased intestinal chylomicron production [17, 18] . According to these recent studies, synthesis rather than clearance may be the major cause of the increase in atherogenic postprandial particles in people with insulin resistance and type 2 diabetes.
Fish oil containing n-3 fatty acids (FA) has shown protective effects against atherosclerotic diseases since it decreased serum lipid concentrations, had antithrombotic and anti-inflammatory effects, lowered blood viscosity, and reduced blood pressure [19] [20] [21] . Fish oil also improved dyslipidaemia, hypertension and endothelial function in subjects with diabetes [22, 23] . However, intake of n-3 FA has been associated with impaired glycaemic control, leading both to hyperglycaemia and insulin resistance [24, 25] . In view of these inconsistent studies, proof that n-3 long chain polyunsaturated fatty acids (LC-PUFA) can prevent subjects with insulin resistance or impaired glucose tolerance from developing type 2 diabetes remains to be established. Direct evidence linking n-3 FA to favourable effects on intestinal lipid transport is also lacking. In the present study, we examined the influence of n-3 FA on the development of insulin-resistant and type 2 diabetic states, as well as on intestinal oversecretion of apo B-48 lipoproteins in Psammomys obesus gerbils, an excellent animal model for the investigation of insulin resistance and type 2 diabetes.
Materials and methods

Experimental animals and diet
Experiments were carried out on Psammomys obesus gerbils purchased from Hebrew University Animal Breeding Facility (Jerusalem, Israel). Upon weaning at 3 weeks of age, the animals were randomly assigned to two isocaloric diets (2.93 kcal/g body weight) for 6 weeks, which differed only in lipid composition and contained (in g/kg): casein, 225; cornstarch, 446; sucrose, 223; cellulose, 31; dl-methionine, 1; mineral mix, 14; vitamin mix, 10; oil 50. One diet, considered as control, contained lard as the major lipid source together with corn oil (1.9 g/100 g diet); the second experimental diet was also lard/corn-oil-based, but 7% of the lard/oil was replaced with sardine oil and was named n-3 FA diet. Chow was changed daily and contained t-butylhydroquinone in order to prevent peroxidation. The animals were housed singly in polypropylene cages at a constant temperature of 22 to 23°C in a humidity-controlled animal facility with a 12-h light/dark cycle. Free access to water and food was provided. Before being killed, Psammomys obesus gerbils were monitored for body weight and tail blood concentrations. Animals were anaesthetised with ketamine hydrochloride and blood was drawn from the aorta. Animals were classified, as in our previous studies [26] , into three groups according to plasma glucose and insulin concentrations: (1) normoglycaemia/ normoinsulinaemia (Group A); (2) normoglycaemia/hyperinsulinaemia (Group B); and (3) hyperglycaemia/hyper-insulinaemia (Group C). The distribution into classes is defined on the basis of plasma glucose and insulin values as follows: Group A, glucose <5.5 mmol/l, insulin <100 mU/l; Group B, glucose <5.5 mmol/l, insulin>100 mU/l; Group C, glucose >5.5 mmol/l, insulin >100 mU/l. In Group B, glucose underutilisation and/or overproduction was compensated by hyperinsulinaemia so that animals remained normoglycaemic, but gained adipose tissue. In Group C, the animals were hyperglycaemic despite extreme hyperinsulinaemia. This classification was consistently validated by various techniques, such as glucose tolerance tests, measurement of insulin secretion and euglycaemic-hyperinsulinaemic clamp. Finally, as noted for humans, the levels of glycaemia 2 h after food or glucose load were 5.5 to 6.7 mmol/l in Group A and 10.0 to 11.1 mmol/l in Group C, whereas insulin concentrations were always under 100 mU/l in Group A and between 100 and 150 mU/l in Group C. Group B was always normoglycaemic and hyperinsulinaemic. All procedures were performed in accordance with the animal experimentation guidelines of Sainte-Justine Hospital.
Intestinal organ cultures
The jejunum from Psammomys obesus gerbils was cleared of mesentery, split longitudinally, washed in culture medium, and cut into explants (3×7 mm). Five to seven explants were randomly transferred on to lens paper, with the mucosal side facing up in each organ culture dish (Falcon Plastics, Los Angeles, CA, USA). Six dishes were used for each experimental condition. An amount of medium (0.8 ml) sufficient to dampen the lens paper was added. Explants were cultured in serum-free Leibovitz L-15 medium according to the technique described previously [27, 28] . After a 30-min stabilisation period, the medium was replaced with fresh medium containing a final amount of 1.0 μmol/ml unlabelled oleic acid with 0.018 MBq [ 14 C]-oleic acid (specific activity, 2.11 GBq/mmol; GE Healthcare Bio-Sciences, Baie D'Urfé, QC, Canada) in a micellar mixture (6.6 mmol/l sodium taurocholate, 1 mmol/l oleic acid, 0.5 mmol/l monoolein, 0.1 mmol/l cholesterol, and 0.6 mmol/l phosphatidylcholine) [29] . Intestinal explants from Psammomys obesus gerbils were cultured for 3 h. After this incubation period, tissue integrity was confirmed by morphological examination at the light microscopy level and biochemical (sucrase activity) studies (results not shown).
Lipid and lipoprotein analyses
Aliquots of explant homogenates and their respective incubation media were lipid-extracted with 2:1(vol/vol) chloroform : methanol (10-13). Small amounts of lipid standards were added to the samples before the separation of individual lipid classes by one-dimensional thin-layer chromatography using silica gel (Eastman Kodak, Rochester, NY, USA) as described previously [27, 29] . The non-polar solvent system was 80:20:3 (vol/vol/vol) hexane:diethylether:glacial acetic acid. The radioactivity of the separated fractions was measured in a liquid scintillation spectrometer (Beckman Instruments, Montreal, QC, Canada). Quenching was corrected using computerised curves generated with external standards. An aliquot of the tissue homogenate was used for protein determinations [27] [28] [29] [30] . For the determination of secreted lipoproteins, the medium supplemented with anti-proteases was first mixed with a plasma lipid carrier (2:0.6 vol/vol) to efficiently isolate the newly synthesised triglyceride-rich lipoproteins. The latter were then isolated at a density of 1.006 g/ml by spinning at 100,000 g for 2.26 h with a tabletop ultracentrifuge (Beckman Instruments) as described previously [27, 28] .
Lipid carrier
To provide a carrier for lipoproteins synthesised in vitro, postprandial plasma was obtained from healthy volunteers 3 h after the ingestion of fat (50 g/1.73 m 2 ) as described previously [27, 28] .
De novo apolipoprotein synthesis
After incubation with 11.1 MBq/ml [ 35 S]-methionine (specific activity 39.5 TBq/mmol, GE Healthcare Bio-Sciences), jejunal explants were washed (three times) with methioninefree Leibovitz medium and homogenised in PBS containing 1% (wt/vol) Triton X-100, methionine (2 mmol/l), phenylmethylsulfonyl fluoride (1 mmol/l), and benzamidine (1 mmol/l). The homogenates were centrifuged (4°C) at 105,000 g for 60 min and supernatants subsequently reacted with excess apo B polyclonal antibodies for 18 h at 4°C. Anti-Psammomys obesus apo B antiserum was raised in rabbits. Pansorbin was then added, and the mixture was reincubated at 20°C for 60 min. The immunoprecipitates were washed extensively and analysed by a linear 4 to 20% acrylamide gradient preceded by a 3% stacking gel as described previously [30] . Apo B-48 bands on gels were sectioned and counted after overnight incubation at 20°C with 1 ml BTS-450 (Beckman Instruments) and 10 ml liquid scintillation fluid (Ready Sol NA; Beckman Instruments).
Microsomal triglyceride transfer protein assays
Intestinal microsomes used as the source of microsomal triglyceride transfer protein (MTP) activity were isolated as described previously [31, 32] . MTP activity was determined by the transfer of radiolabelled triacylglycerol from donor small unilamellar vesicles (40 nmol egg phosphatidylcholine, 0.08 nmol [
14 C]-triacylglycerol, and 2 nmol cardiolipin) to acceptor small unilamellar vesicles (240 nmol egg phosphatidylcholine and 0.48 nmol triacylglycerol) at 37°C for 1 h. This assay has been described in detail elsewhere [31, 32] . Lipid transfer activity is expressed as a percentage of triglyceride transfer per unit time under verified linear assay conditions (first-order kinetics). To assess the presence of MTP and evaluate its mass, homogenates of intestinal tissue were prepared for western blotting as described previously [31, 32] . Proteins were separated on a 4 to 20% gradient SDS-PAGE and electroblotted on to nitrocellulose membranes. Non-specific binding sites of the membranes were blocked using defatted milk proteins, followed by the addition of primary antibodies directed against MTP. The relative amount of primary antibody was detected with horseradish peroxidase-conjugated secondary antibody. Blots were developed, and the mass of MTP was quantitated using an HP Scanjet scanner equipped with a transparency adapter and HP scanner software.
Enzymatic activities
Activities of monoacylglycerol acyltransferase (MGAT) and diacylglycerol acyltransferase (DGAT) were determined in microsomes as reported by Coleman [33] .
Biochemical analyses
Plasma glucose was determined by an enzymatic glucose analyser, and insulin levels were assessed by radioimmunoassay using a human primary antibody (Phadesph; Kabi Pharmacia Diagnostics, Uppsala, Sweden). Plasma triglyceride and cholesterol levels were measured colorimetrically (Boehringer Mannheim, Montreal, QC, Canada).
Statistical analysis
To assess differences in the parameters studied, data were statistically analysed by ANOVA. Differences between mean values were evaluated by Student's two tailed t-test.
Results
A significant difference in the pattern of body weight, glucose levels and insulin concentrations was evident following the consumption of n-3 FA and control alimentary regimens (Fig. 1) . Consumption of a high-n-3-FA diet resulted in decreased weight gain in normoinsulinaemic/ normoglycaemic (Group A), hyperinsulinaemic/normoglycaemic (Group B) and hyperinsulinaemic/hyperglycaemic (Group C) animals ( Fig. 1) in comparison with control diet intervention. Furthermore, Group B animals on n-3-enriched food were characterised by reduced hyperinsulinaemia, which usually appears to compensate for both peripheral and hepatic insulin resistance as evidenced by the persistence of normoglycaemia. Diabetic Group C animals developed less hyperglycaemia and hyperinsulinaemia in response to diet enriched by n-3 FA. Moreover, administration of the n-3 FA diet reduced the hypertriglyceridaemia and hypercholesterolaemia characterising Groups B and C (Fig. 2) . Thus this first series of experiments shows that the n-3 FA diet improved various abnormalities associated with the metabolic syndrome, including increased body weight, insulin resistance and dyslipidaemia.
We next studied intestinal lipogenesis in the experimental animal groups. As illustrated in Fig. 3 , the incorporation of 3 H 2 O into total lipids in cultured jejunal explants was lower in all the animal groups on the n-3 regimen, albeit only the differences in Group C reached statistical significance. To assess the incorporation of this radiolabelled precursor into major lipid species, we cultured jejunal explants with [ 14 C]-oleic acid. Figure 4 documents significant lipid changes in tissue homogenates and media. In fact, the administration of the n-3 FA diet to Psammomys obesus gerbils reduced the intestinal synthesis and secretion of triglycerides, phospholipids and cholesteryl esters. Interestingly, the decrease in Groups B and C was more substantial than that in Group A and was associated with the decline of MGAT and DGAT activities (Fig. 5) .
To determine whether the n-3 FA diet affected the ability of the intestine to produce triglyceride-rich lipoproteins, [ 14 C]-oleic acid was added to jejunal explants obtained from the different animal groups (Fig. 6) . The isolation of triglyceride-rich lipoproteins from media by ultracentrifugation and radioactivity measurement of lipoprotein fractions revealed that output was decreased in all groups administered the n-3 alimentary regimen, with the reductions in Groups B and C being greater.
The next step was to explore whether the n-3 FA diet altered apo B-48 biogenesis. For this purpose, jejunal explants were cultured with [
35 S]-methionine. Jejunal explants derived from insulin-resistant and diabetic animals fed with n-3 FA were less prone to synthesise apo B-48 (Fig. 7a) . In contrast, no alterations were detected in apo B-48 mRNA (data not shown). Since proteasomal degradation of apo B plays a regulatory role in the early stages of apo B biosynthesis, we wondered whether this pathway is triggered by n-3 FA. The addition of N-acetyl-leucylnorleucinat and lactacystin as proteasomal inhibitors [18] suppressed the differences observed among groups, regardless of dietary regimen (Fig. 7b) . We also assessed protein expression of MTP, which is required for apo B-48 lipoprotein assembly and secretion, in intestinal tissues from the three groups of Psammomys obesus gerbils. No significant modifications were seen in any of the experimental animal groups (results not shown), possibly suggesting that n-3 FA do not inhibit MTP expression and decrease apo B-48 synthesis and triglyceride-rich lipoproteins by this pathway.
Discussion
Psammomys obesus (sand rat) is a well-established model of type 2 diabetes and obesity. A rodent found in desert areas, it has normal metabolic parameters when on a diet of relatively low caloric density. When the same animals are fed standard chow, they acquire most of the features of the human metabolic syndrome: obesity, hyperglycaemia, hyperinsulinaemia, hyperleptinaemia and dyslipidaemia [26, 34, 35] . Referenced against normoglycaemic and normoinsulinaemic Psammomys obesus gerbils (Group A), a high proportion of Group B animals displayed hyperinsulinaemia, which appears to compensate for both peripheral and hepatic insulin resistance as evidenced by the persistence of normoglycaemia [26] . In Group C, glycaemia can no longer be compensated for, in spite of the extraordinary elevation in plasma insulin. Recently, we demonstrated that the development of insulin-resistant and type 2 diabetic states led to intestinal oversecretion of apo B-48 lipoproteins in Psammomys obesus gerbils [18] . The results of the present investigation indicate the beneficial effects of diets enriched with n-3 FA on body weight, hyperglycaemia, hyperinsulinaemia and hyperlipidaemia. Additionally, n-3 FA intake lowered lipogenesis, lipid esterification and de novo apo B-48 synthesis, partially abolishing the overproduction of intestinal triglyceride-rich lipoproteins. While n-3 FA administration did not affect expression of the genes encoding DGAT1, apo B, and MTP, it was able to induce Dgat2 mRNA and to promote proteasomal degradation of apo B. Our data point out the complex and multifaceted actions of n-3 FA. Several clinical studies in the 1980s and early 1990s reported adverse effects on blood glucose control and insulin activity in subjects with type 2 diabetes who consumed large amounts of fish oil [36, 37] . These deleterious effects may be attributable to the high doses used, e.g. 10 g fish oil per day or more. Recent studies using low doses of n-3 LC-PUFA, ranging from 1 to 2 g/day, did not report deteriorations in glucose control [22, [38] [39] [40] . Our experiments clearly showed that moderate n-3 FA intake improved hyperglycaemia and hyperinsulinaemia in Psammomys obesus gerbils.
Postprandial triglyceride-rich lipoproteins and especially chylomicron remnants have been implicated as risk factors for atherosclerosis and progression of coronary artery disease [41] [42] [43] [44] [45] . Although the physiological basis of metabolic dyslipidaemia appears to be hepatic overproduction of apo-B-containing VLDL particles [46, 47] , emerging evidence suggests that intestinal overproduction of apo-B-48-containing lipoproteins in insulin-resistant states may be an important contributor to the elevation of circulating triglyceride-rich lipoproteins [17, 18, 48] . The present study demonstrated that intestinal cells, like hepatocytes [49, 50] , responded to n-3 FA and decreased the output of triglyceride-rich lipoproteins by lowering the synthesis of apo B-48 and by inhibiting the new formation of lipids. The suppression of apo B-48 was not due to changes in apo B transcription, since Apob 48 mRNA levels were unaffected. It also did not involve MTP, an essential component in apo-B-48-containing lipoprotein assembly and secretion [51] . One possible explanation may be the limiting availability of triglycerides, phospholipids and cholesteryl esters that are known to protect apo B-48 from proteasome degradation. The addition of a proteasome inhibitor to the culture of jejunal explants from insulin-resistant and diabetic animals enhanced the production of apo B-48. It seems therefore that, MGAT catalyses the synthesis of diacylglycerols from monoacylglycerols and long-chain fatty acyl coenzyme A esters, the first step in the monoacylglycerol pathway contributing to glycerolipid synthesis in the intestinal mucosa [52] . This action is followed by the acylation of diacylglycerols by DGAT to produce triacylglycerols. The current experiments confirmed previous data showing high levels of MGAT and DGAT activity, which is consistent with the remarkable capacity of the small intestine to produce triacylglycerol in an insulin-resistant and diabetic state. The administration of a diet enriched in n-3 FA resulted in lower activities of these enzymes, thereby reflecting the favourable action of fish oil on intestinal mucosa, which led to decreased lipid production under insulin resistance and diabetic conditions.
In conclusion, our data revealed that n-3 FA lowered the hyperglycaemia, hyperinsulinaemia and dyslipidaemia that characterise insulin-resistant and diabetic Psammomys obesus gerbils. The lipid improvements were chiefly due to a reduction in apo-B-48-containing lipoprotein secretion, achieved via the regulation of de novo lipid and apo B-48 production. The reduced secretion of apo B that was essentially mediated by post-translational degradation of the newly synthesised protein and occurred subsequently to limited lipid availability may explain the intestinal fat transport-lowering effects of PUFA.
